We report electron transport and rectification operation in a double-stranded tight-binding ladder network within non-equilibrium Green's function formalism that can easily be generalized in multistranded systems. Different configurations are taken into account depending on the choices of on-site energies and/or inter or intra strand nearest-neighbor hopping integrals in the form of Aubry-André or Harper (AAH) model, and in all the cases we find almost cent percent current rectification even at too low bias region. Along with this, we observe that the phase (positive or negative) of rectification can suitably be engineered by tuning the Fermi energy and AAH phase. The effect of temperature is also studied which shows decreasing nature in the degree of rectification though it persists up to a moderate temperature range. Our analysis may shed new light in designing efficient nano-scale rectifier, and can directly be implemented considering different bio-molecular systems including DNA molecules.
I. INTRODUCTION
Molecular systems will be the ultimate functional elements in fabricating electronic circuits at nano-scale level [1] [2] [3] , suppressing the use of conventional conducting and semi-conducting materials. The proposition of designing molecular diode or rectifier given by Ratner and co-workers essentially triggered the use of single molecules as active functional elements 4 . Later, some other theoretical proposals have been put forward describing the rectification action using simple and complex molecular systems [5] [6] [7] [8] . However, a single molecular rectifier was first experimentally realized 9 in 2005 with modest rectification ratio ∼ 10. Since then the interest in this subject is rapidly growing up with considerable experimental and theoretical works [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Some of them are based on intrinsic properties [9] [10] [11] [12] of the molecules, while the others have considered the effects of molecular coupling [13] [14] [15] [16] . Instead of these significant advances, the present molecular diodes have had very limited applications especially due to their low conductances, low rectification ratio, high degree of sensitivity to junction configuration and much higher operating voltage 9, 10, 12, 13 . To circumvent these factors, few other works have been carried out [25] [26] [27] [28] in order to get tunable rectification via gate voltage, environmental control, etc., though a successful conclusion is still lacking and thus further probing is undoubtedly required.
In the last few decades DNA molecules have attracted significant attentions in the fields of molecular physics and molecular spintronics due to their unique and diverse characteristic features [29] [30] [31] [32] [33] [34] . Using DNA as a functional element Guo et al. 34 have shwon that efficient rectification can be performed, and the rectification ratio can be reached up to ∼ 15 even at relatively small bias voltage (1.1 V). Artificial DNA sequences, those are usually constructed in a quasi-periodic manner, even also play appealing roles on transport phenomena, and several important aspects have already been revealed along this line considering different aperiodic lattices like Coppermean, Nickel-mean, Fibonacci 35 , Thou-Morse 36 , and to name a few 33 . Appreciating the enormous possibilities of DNA molecule to become a role model in future nanoelectronic devices, can we now think about a DNA device where large asymmetry in current-voltage (I-V ) curves can be obtained and tuned externally? Now whenever we think about an externally controlled DNA device, the first option that comes into our mind is the construction of a two strand ladder network with quasi-periodic modulations [37] [38] [39] [40] [41] [42] [43] in the form of well-known Aubry-André-Harper (AAH) model 44 . Recently AAH model has got significant attention in both theoretical and experimental research [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . The quasi-periodicity can be tuned with the help of AAH phase(s) 51 and the modulations can be incorporated in the diagonal and/or off-diagonal parts. Thus, in their unique characteristics, AAH models make them suitable candidates for designing efficient nano-scale devices, and in the present work, we explore how rectification operation can be performed considering a two strand AAH ladder ( Fig. 1) with some controllable parameters. The primary goals of this work are as follows. Firstly, we attempt to propose a suitable model for designing a nano-scale rectifier where much higher rectification can be obtained, and at the same time, the rectification ratio can be tuned externally. In our model, there are two phase factors associated with the cosine modulations in diagonal as well as off-diagonal parts of the AAH Hamiltonian, which will play the key roles for effective controlling. Secondly, if this two strand AAH ladder shows large rectification, then we can strongly argue that high degree of rectification can be achieved in DNA molecular systems as well, since a DNA molecule can be nicely modelled with quasi-periodic sequences, as already reported.
The essential mechanism of rectification relies on the fact that in presence of finite bias, a voltage drop takes place along the ladder. Therefore, average density of states (ADOS) and transmission spectrum become voltage dependent. The quasi-periodic potential leads to a gapped and fragmented spectrum 57, 58 and breaks the spatial reflection symmetry. It makes quasi-periodicity a key ingredient for occurrence of large rectification 59, 60 . Within a TB framework we investigate electronic transport and rectification operation using the Green's func-tion formalism [61] [62] [63] [64] [65] [66] . Different cases are taken into account depending on the specific choices of site energies and/or nearest-neighbor hopping (NNH) integrals, and in all the cases high degree of rectification is obtained, which on one hand appears at sufficiently low bias, and, on the other hand, sustains for a wide range of parameter values. Most importantly, we find that the rectification ratio can be tuned significantly by modulating the AAH phase. This is one of the key advantages of AAH model over other discrete quasi-periodic systems.
To make the present communication a self-contained one, we also discuss the effects of electron-electron (e-e) interaction, treated at the Hartree-Fock (HF) mean-field (MF) level [67] [68] [69] [70] , and the system temperature. We find that the asymmetry in I-V curves persists over a moderate temperature range and for different values of interaction strength. Finally, we consider the model of an actual DNA molecular system and affirm that large rectification can also be obtained for this case. We hope that the present analysis can be verified in future with suitable experimental set-up.
The rest of the work is organized as follows. In Sec. II we present the model, TB Hamiltonian and theoretical framework for the calculations. The results are thoroughly analyzed in Sec. III, and finally, in Sec. IV, we conclude our findings.
II. MODEL, TB HAMILTONIAN AND THE THEORETICAL FRAMEWORK

A. Model and the Hamiltonian
Let us start with the model conducting junction used for rectification operation as shown in Fig. 1 , where a two strand ladder network is coupled to source (S) and drain (D) electrodes. The channel-I and channel-II describe the two strands of the ladder those are directly connected through vertical bonds (the so-called rungs). We describe the junction using a TB framework which is extremely suitable for analyzing electron transport through a nano-scale system. The TB Hamiltonian of the full system can be written as a sum H = H ladder +H elec +H tunn , where H ladder represents the Hamiltonian of the ladder network, H elec corresponds to the Hamiltonian of the side-attached electrodes, and H tunn is associated with the tunnel coupling between the ladder and electrodes.
In absence of e-e interaction, the TB Hamiltonian of the ladder network under NNH approximation reads as
Here, the index i refers to the strands and j represents the sites in each strand. The ladder network is parameterized with on-site energy ij , intra-strand NNH integral t ij and the inter-strand NNH integral v j . c † ij (c ij ) is the Fermionic creation (annihilation) operator at site (i, j). In presence of non-zero bias voltage between the electrodes, a finite bias drop takes place along the ladder and the actual variation of this potential profile is very hard to execute since it involves a complete manybody problem. But, we can introduce this effect 'phenomenologically' into our Hamiltonian, as already been discussed earlier in other works 34, 60, [71] [72] [73] , considering different kinds of potential variation. The most common form of it is the linear dependence, and in our work we also consider this variation, though some other forms are also taken into account associated with electron screening in different materials. With these different choices only the quantitative behavior changes slightly, whereas the qualitative features remain unchanged. Now, considering the bias drop along the ladder its site energy can be written as ij = Depending on the physical parameters 0 ij , t ij and v j we consider four different forms of the AAH ladder, to make a comprehensive analysis and to make a comparative study of rectification operations using quasicrystals.
Case I: The site potentials of the upper strand (strand-I) are modulated in the form of AAH model, keeping the other strand (strand-II) as a perfect one. We choose 0 Ij in the form:
, where W is the strength of site modulation, b is an irrational number which we set at ( √ 5 + 1)/2. The factor φ β is an arbitrary phase that can be tuned externally with proper experimental set-up, as already discussed in other contexts 51 . As the strand-II is perfect we take 0 IIj = 0, without loss of any generality, and the other physical parameters associated with the ladder are chosen as: t Ij = t IIj = t and v j = v ∀ j.
Case II: Both the two strands are perfect (viz, 0 Ij = 0 and 0 IIj = 0) and the intra-strand hopping integrals are uniform i.e., t Ij = t IIj = t ∀ j. For this network we introduce modulation in the inter-strand hopping integrals in the form: v j = W 1 cos [2πbj + φ λ ], where W 1 is the modulation strength and φ λ is the phase factor that can be tuned selectively 51 .
Case III: Both the two strands are modulated by AAH potentials with different modulation strengths, W and W 1 , and they are expressed as:
For this case we choose uniform intra-strand and inter-strand hopping integrals i.e., t Ij = t IIj = t and v j = v ∀ j.
Case IV: Finally, we consider the case where the AAH modulation is introduced in the intra-strand hopping integrals, keeping uniform hopping between the two strands (viz, v j = v ∀ j). Thus, for this case the intra-strand hopping integrals are described as t Ij = W cos [2πbj + φ λ ] and t IIj = W 1 cos [2πbj + φ λ ]. Here, bias independent site energies are also constant and put them to zero i.e., In our work, these four different cases of the bridging network will be considered for describing electronic transport and rectification operation by connecting the ladder with reflectionless 1D electrodes. In the TB form the Hamiltonian of the electrodes, parameterized with on-site energy 0 and NNH integrals t 0 looks like
) is the creation (annihilation) operator in the electrodes.
The last part of the Hamiltonian of the full system i.e., the TB Hamiltonian associated with the tunnel coupling can be expressed as
where τ s and τ d are the coupling strengths of the source and drain electrodes with the ladder, respectively. In numbering the atomic sites of a N -rung ladder, we use site number 1 where the source is coupled, while the end site number is 2N where the drain is connected.
B. Interacting model
For the interacting model the Hamiltonian gets modified, and here we consider the e-e interaction only in the ladder system keeping the electrodes free from any such interaction. The interacting TB Hamiltonian looks like
where u and u 1 are the nearest-neighbor intra-strand and inter-strand Coulomb repulsion energy strengths, respectively, and n i,j is the number operator. For this open quantum system, we treat the interaction term within the Hartree-Fock MF approximation, where the occupation number at any site is calculated using self-consistent procedure [67] [68] [69] [70] . Within this scheme, the interacting system is effectivey treated as non-interacting one, and the HF Hamiltonian becomes
Here the modified on-site energies are related to the Hartree term and it gets the form Ij = Ij +u( n I,j+1 + n I,j−1 )+u 1 n II,j . Whereas, the modified hopping terms are related to the Fock exchange terms and they are:
The MF quantities n ij , c † i,j+1 c ij and c † IIj c Ij are determined self-consistently using the non-equilibrium Green's function (NEGF) formalism 69 .
C. Theoretical framework for the calculations
To characterize transport properties and rectification operations, the first quantity that we need to calculate is the two-terminal transmission probability T (E) (E being the energy of injecting electrons) across the junction. We evaluate it using the NEGF formalism [61] [62] [63] [64] [65] , where the effects of side-attached electrodes are incorporated through self-energy corrections. The effective Green's function of the non-interacting ladder is written as: (6) where η → 0 + , and Σ r S and Σ r D are the retarded selfenergy matrices due to S and D, respectively. From these self-energies, we calculate the coupling matrices Γ S and Γ D from the expression
† . Using Γ S and Γ D we compute two-terminal transmission probability following the Fisher-Lee relation 61 , and, it is written in the form
where Tr represents the trace of a matrix. In presence of e-e interacting, the Green's function gets modified by G HF,r ladder and it becomes,
G is a 2N × 2N matrix and it is written in (i, j) basis. Here i has two values I and II and j runs from 1 to N . We calculate the different MF quantities n ij , c self-consistent procedure, we get the converged G HF ladder . For this interacting system, we calculate the transmission probability T (E), similar to the non-interacting one through the expression
HF,a ladder (10) In order to inspect the nature of energy bands under different biased conditions which is extremely crucial for analyzing rectification mechanism we need to compute ADOS, and we perform it using the relation 62,63
where 2N gives the total number of lattice sites in a Nrung ladder. For the interacting case, G ladder will be replaced by G HF ladder . Finally, we compute transport current across the junction through the expression 62,63
Calculating the currents for two different polarities of external bias we eventually compute the rectification ratio (RR), and it is defined as
According to this definition, RR = 0 corresponds to no rectification i.e., the currents are symmetric for both positive and negative biases. Whereas, RR = 1 or RR = −1 represents cent percent rectification, depending on which current is fully suppressed in a particular bias polarity.
III. NUMERICAL RESULTS AND DISCUSSION
In what follows we present our results which include transport properties and rectification operations of a two strand ladder network in four different cases, as stated above, depending on the physical parameters associated with the bridging system. All the energies taken in our calculations are measured in unit of electron-volt (eV), and throughout the analysis we choose site energies of the electrodes 0 = 0 and NNH integrals t 0 = 3 (wide band limit). The other parameters are specified at the subsequent parts. For better viewing and clear understanding of the values, we plot all the transport currents as a function of voltage on a log-normal scale with base of 10. As a close connection exists between the on-site modulation strength and NNH integrals in the context of electronic localization 44 , we always choose these physical parameters in such a way that the AAH systems stay in the extended phase in presence of AAH modulations. This is one of the advantages of the AAH type quasi-periodic sequence over the other quasi-periodic sequences like Fibonacci, Thue-Morse, etc. These discrete quasi-periodic sequences only posses critical single particle eigenstates 57 which give slower transport than extended single particle eigenstates.
Part A:
Let us start to analyze the characteristic features exhibited by the ladder network described in case I, where one strand is perfect and the other one is of AAH type. In Fig. 2(a) we show the variation of transmission probabilities of a ladder network at a typical bias voltage under forward and reverse bias conditions. At a first glance we see that the transmission spectra are quite different for two distinct polarities of the external bias, providing sharp resonant peaks at multiple energies. A careful inspection reveals that there are some energy (small) windows where finite transmission is obtained only due to one bias polarity, while the electronic transmission gets almost suppressed in other bias condition, and this phenomenon will lead to much higher rectification (as described later in detail). To examine this fact, we selectively choose two small energy zones from Fig. 2(a) , marked by the black and green framed re- gions, and replot the enlarged versions in Figs. 2(b) and (c), respectively. Interestingly we see from these spectra (Figs. 2(b) and (c)) that, for the entire energy zones one curve (blue or red) dominates, whereas the other one almost vanishes. This behavior is caused due to the two reasons: (i) misalignment of energy levels in two different bias polarities which is of course the main reason, and (ii) the Wannier-Stark (WS) localization [74] [75] [76] . For different bias polarities site energies of the bridging conductor get modified due to the term V ij which yields different sets of energy eigenvalues of the ladder network, resulting dissimilar density of states spectra, and thus, transmission curves. The phenomenon of Wannier-Stark localization is also associated with the finite bias drop along the ladder. In presence of non-zero bias, site energies are field (electric) dependent yielding a non-uniform distribution of the site energies which causes electronic localization, analogous to a conventional disordered lattice. Both the energy shifting at two different bias polarities and the WS localization at finite bias can be seen from the spectra given in Fig. 2 , and more clearly they can be visualized from the results presented in Fig. 3 as here we superimpose ADOS along with the transmission function. The red-dotted line is markedly different from the bluedotted one associated with the energy shifting at two bias polarities. Where the dotted line (red and/or blue) vanishes (viz, states are no longer available), the transmission probability naturally drops to zero. Whereas, for the energies when the transmission function vanishes irrespective of finite density of states we can surely demand that the states associated with those energies are localized, and the localization is caused as a results of electric field (WS localization). Thus, finding of an energy zone (or more zones) where transmission probability is finite for one bias polarity and zero (or vanishingly small) for other polarity is always expected as it provides much higher rectification. Since quasi-periodic potentials break the spatial reflection symmetry and exhibit gapped fragmented spectrum, it is always possible to get a Fermi energy about which there is an energy window where finite transmission is present for one biased condition and gapped for the other biased condition. The physics remain unchanged for other system size as well for a given E F . Any system irrespective of size with quasi-periodic potential show gapped spectrum which is not a feature of any simple (uncorrelated) disordered configurations with an appropriate disorder strength. Thus, it is not possible to get cent percent rectification at low temperature for any kind of simple disordered configurations. Now selectively choosing the energy zone(s) and with proper alignment of E F , we can get almost cent per- cent rectification for a reasonably wide bias zone. To get into this behavior look back into the spectra given in Figs. 2(b) and (c), where two different zones are con-sidered and Fermi energy is placed at the centre of each zone. If we fix E F either at −0.5 ( Fig. 2(b) ) or at 1.75 ( Fig. 2(c) ), then for the voltage strength 0.6 V we will get finite current either from the reverse or forward bias condition, while the other one becomes zero. This scenario is valid at zero temperature since under this condition the contribution to the current comes only from the energy window E F − eV /2 to E F + eV /2, resulting cent percent rectification. For such a wide range of bias voltage, no one has addressed before this high degree of rectification, to the best of our knowledge, and thus brings significant impact in the era of nanotechnology. At finite temperatures, the contribution from other energy zones will also appear which reduces the rectification ratio, and we will discuss it latter in the appropriate section. The mechanisms of rectification operation are clearly understood from the analysis of Figs. 2 and 3 , where the results are computed for a fixed voltage (V = 0.6 V). To inspect the dependence of rectification for other voltages, for the ladder network described in case I, let us focus on the spectra given in Fig. 4 where we calculate transport current along with rectification ratio by varying the voltage from zero to 0.6 V under two bias polarities, setting the Fermi energy at two suitable energies. For E F = 1.75 eV, the transport current in the negative bias condition is vanishingly small, whereas much higher current is obtained in the positive bias condition (see Fig. 4(a) ). As a result of this, very high degree of RR is achieved, and most remarkably, this feature persists over a too broad range of voltage bias (Fig. 4(b) ). The phenomenon gets almost reversed when we set the Fermi energy at −0.5 eV, as clearly noticed from the spectra Figs. 4(c) and 4(d).
To establish that the appearance of high degree of rectification in AAH ladder for a particular E F is size independent, we plot transport current and corresponding rectification ratio considering a bigger ladder with 55 rungs (110 sites) in Figs. 5(a) and (b). As we have already noted that one of our goala is to describe a physical model where RR can be modulated by some exter- nal parameters which always gives a hint for designing a suitable and controlled device. To warrant this fact, in Fig. 6 we describe the critical role of the AAH phase φ β on transport current and rectification ratio. The transport current is highly sensitive to the AAH phase, and currents are markedly different for two distinct bias polarities (see Fig. 6(a) ). This behavior is clearly reflected in the RR-φ β spectrum (Fig. 6(b) ). The sensitivity of the current as well as rectification on the phase factor is solely associated with the ADOS spectrum. Now two noteworthy features are observed from Fig. 6 . First, the RR achieves a very high value, close to 100 %, and almost complete phase reversal (RR reaches to −100 %) takes place upon the variation of φ β . Second, the high degree of rectification persists over a wide range of the phase factor φ β , that gives a clear hint that one can design a set-up where φ β can be selected from a reasonable window, and sharp tuning is no longer precisely required.
Part B: Now we move to the another configuration of the ladder network, as described in case II, and characterize its physical properties. In this configuration, two strands are perfect (i.e., 0 Ij = 0 and 0 IIj = 0) and the intra-strand hopping integrals t ij 's are uniform, viz, t Ij = t IIj = t ∀ j. The AAH modulation is inserted only in the inter-strand hopping integrals v j with the strength W 1 and phase modulation factor φ λ . Similar to the case described in Part A, let us begin with the results given in Fig. 7(a) where two-terminal transmission probability is shown for two different bias polarities considering a 15-rung ladder network. Sharp resonant peaks are observed at some particular energies, and these peaks are grouped in such a way that three allowed transmitting zones are formed and they are separated by finite gaps. This is the general feature of AAH type lattices and other quasicrystals too, and solely associated with the ADOS spectrum. The other interesting feature is that the transmission function is mirror symmetric upon the reversal of bias polarities, that will provide another advantage in rectification operation as discussed below. From the spectrum Fig. 7(a) , we find two selective energy zones (marked by the black and green framed regions) of equal widths across E = 0, where only one colored curve dominates suppressing the other one. These two framed regions are redrawn in the enlarged form in Figs. 7(b) and (c) , where ADOS are superimposed along with the transmission functions under two bias polarities in each of the two spectra. Clearly we can see that for a wide energy zone (−0.8 < E < −0.3 or 0.3 < E < 0.8), either blue curve or the red one dominates, while the other colored curve (red or blue) almost disappears which results almost cent percent rectification. As the T -E spectrum is mirror symmetric across E = 0, we get equal magnitude of RR, but opposite phases setting the Fermi energy in the positive or negative side (as shown by the dotted vertical lines) across the energy band center. Comparing the transmission spectra with density of states, the WS localization can be noticed clearly. Figure 8 shows the voltage dependence of transport current and rectification ratio for two different choices of Fermi energy (E F = −0.55 eV and E F = 0.55 eV). Several key features are emerged. First, the transport current is surprisingly large in one side (positive or negative) of the bias voltage, while it is almost zero in the other side of the voltage (Figs. 8(a) and (c) ), and this feature persists in a reasonable voltage range (here it is 0 < V < 0.6 V). Naturally we can expect a large rectifica-tion and it is clearly reflected from the spectra Figs. 8(b) and (d). Nearly cent perfect rectification is obtained within the range 0.3 < V < 0.6 V. Second, since the I T -V spectrum is mirror symmetric across V = 0, a complete phase reversal takes place in the RR-V spectrum under the swapping the Fermi energy from positive zone to the negative one. Thus, a better control of rectification is expected for this AAH ladder network compared to the Fig. 8 . The other physical parameters are same as used in Fig. 10 . previous one (viz, case I). Third, though the current initially increases with bias voltage but it shows a decreasing nature at higher voltages (see Figs. 8(a) and (c) ).
Normally for the conducting junctions where bias drop takes place only at the junction points we get increasing current with voltage as more and more contributing energy levels come within the voltage window. But as for this case the site energies are field dependent associated with the applied voltage, the site energies get modified for each bias and accordingly ADOS, and thus, transmitting peaks are shifted. As a result, the number of resonant states may decrease with increasing voltage window which yields reducing current, exhibiting the well-known FIG. 14: (Color online). Case IV: Different spectra represent the identical meanings as described in Fig. 11 . The other physical parameters are same as used in Fig. 13 .
negative differential conductance (NDC) phenomenon 77 . To explore the critical role of the phase factor φ λ on rectification operation for this ladder network, as de-scribed in case II, in Fig. 9 we present the transport currents, for two bias polarities, along with the RR as a function of φ λ . Surprisingly we see that for a fixed (wide) φ λ window finite current is obtained for one bias polarity, while the other becomes nearly zero, and this feature alternates with changing the phase window (see Fig. 9(a) ). Due to this peculiar nature of current we get almost cent percent rectification with proper phase reversal upon the variation of the AAH phase φ λ . Thus, undoubtedly the AAH phase has a significant role on rectification operation.
Part C: Following the same prescription as discussed in Part A and Part B, now we can illustrate the characteristic features exhibited by the ladder network described in case III. For this type of ladder (viz, case III), both the two strands are modulated with AAH site potentials, keeping the intra-and inter-strand hopping integrals uniform i.e., t Ij = t IIj = t and v j = v ∀ j. In Figs. 10 -12 we plot the transmission probabilities, dependencies of junction currents and rectification ratio with bias voltage V and phase factor φ β , like the other cases. Without going into the detailed analysis of each of these spectra (Figs. 10  -12) here we summarize the outcomes, as the essential physical mechanisms behind the rectification operations are already discussed above. It is always possible to find suitable energy window(s) where transmission function for one bias polarity significantly dominates, suppressing it in the other bias polarity (as clearly visible from the spectra Fig. 10 ). The complete suppression yields cent percent rectification, otherwise reduced rectification ratio (though its too large) is obtained (see Fig. 11 ). Two
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X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X important things we need to consider for designing an efficient device those are: (i) the degree of RR and (ii) the voltage region for which the high degree of rectification persists. For this type of ladder network (case III) we can also achieve these goals. The degree of rectification can be tuned as well with the help of external phase factor φ β (see Fig. 12 ), though in this case sequential phase reversal with almost cent percent rectification in both positive and negative directions is not available like what we get in Fig. 9 .
Part D: Finally, we focus on the spectra given in Figs. 13  -15 where the results are shown for the AAH ladder described in case IV. In this type of ladder, the intra-strand hopping integrals in both the upper and lower strands are modulated with AAH distributions having the strengths W and W 1 , respectively, associated with the phase factor φ λ . The resonant peaks are packed together forming quasi-band like structures, and they are separated far away from each other (see Fig. 13(a) ). Here also we can find some energy zones, like other cases, where one of the resonant curves associated with a particular bias polarity dominates over the other (Figs. 13(b) and (c) ), which demonstrates the possibilities of getting rectification action. For this setup the transport currents in positive and negative biases are quite low and nearly equal in the low bias region (see Figs. 14(a) and (c)) resulting smaller degree of current rectification. Whereas, reasonably large degree of rectification is achieved in the limit of higher voltage (V >∼ 0.25 V) associated with the I T -V characteristics. Setting into this moderate voltage region if we tune the phase factor φ λ , choosing a suitable Fermi energy, we can see that several phase windows (relatively
0000000000 0000000 000000 00000 0000 0000 000 000 000 000 00 00 00 0 0 0 0 0 0 0 0 0 0 0 00 00 00 00 00 000 000 000 0000 0000 00000 0 0000000000000000000000 small widths) are available where transport current for one bias polarity dominates over the other, and the dominating nature i.e., which curve dominates the other depends on the phase factor (see Fig. 15(a) ). As a result of this, nice oscillating pattern is generated in RR upon the variation of φ λ (Fig. 15(b) ), providing high degree of rectification. Thus, the ladder network described in case IV is also a suitable option for designing efficient rectifiers.
Combined effects of φ λ and φ β : The results described above in four different parts (Part A to Part D) initiate the obvious curiosity that how the results of rectification depend on the two phases if we vary them together. To unreveal it, in Fig. 16 we plot (density plot) the RRs for two typical AAH ladders as functions of φ λ and φ β . These ladders are quite different than the previously mentioned cases (case I -IV), as here we consider φ λ along with φ β in the Hamiltonian. The two ladder systems are specified as follows: in one case (the results of which are shown in Fig. 16(a) ) the upper and lower strands are subjected to AAH potentials having the strengths W and W 1 , respectively, with the phase modulation factor φ β . Along with this, the AAH modulation is also introduced in the inter-strand hopping integrals with unit strength, associated with the phase factor φ λ , keeping the intra-strand hopping integrals uniform. For the other ladder system (results of which are given in Fig. 16(b) ), the two strands together with intra-strand hopping integrals are modulated in the AAH form, keeping the inter-strand hopping integrals as uniform. The results in both these two cases are quite interesting as we can see that for a wide range of the phase factors almost cent percent rectification is available and with changing these phases the sign alteration also takes place sequentially providing the same degree of rectification.
Effect of temperature:
The results studied so far are worked out at absolute zero temperature. Now, keeping in mind the possible experimental realization we include the effect of temperature and study the characteristic features of rectification. The results are shown in Fig. 17 where we plot the RR as a function of system temperature, for the four different cases as taken in different parts, viz, Part A -Part D. All the spectra in Fig. 17 exhibit almost identical nature with temperature. The RR gets decreased with the enhancement of temperature. Though it (RR) gets reduced, still sufficiently large RR persists over a moderate range of temperature. This reduction of the degree of rectification can be implemented from the argument that at finite temperature we need to incorporate all the energy levels in the allowed energy window, unlike the case of zero temperature which excludes the possibility of integrating transmission function in a specific energy window where finite transmission is obtained for one bias polarity. Thus, it is no longer possible to get absolutely cent percent rectification since finite contributions from both the bias polarities are involved.
Effect of electron-electron interaction: Now, we ex-plore the critical roles played by e-e interaction on the rectification action. We incorporate this effect at the MF level. It is well-known that the study of an open interacting system is a state-of-the-art research problem at formalism level. Even in the MF limit, one needs to do numerical integrations of the NEGF to evaluate the MF quantities, which is an extremely challenging task especially for large size systems exhibitng fragmented energy spectrum. Due to this fact here we restrict ourselves into the small size system, and present the results in Fig. 18 for an AAH ladder considering five rungs at some typical values of interaction strengths. The configuration of the ladder is same as described in case-I (one can also consider other configurations of the ladder network as well). The notable feature is that, at some typical values of e-e interaction, there is a finite possibility to achieve
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DNA model: Finally, we want to look into the behavior of current rectification for an actual DNA molecule which is modeled considering the four bases (see Fig. 19 ) Adenine (A), Guanine (G), Thymine (T) and Cytosine (C). We choose the site energies of these bases as G = 8.3, A = 8.5, T = 9.0, and C = 8.9. The horizontal hopping strengths between the same bases are t GG = 0.11, t AA = 0.22, t CC = −0.05, and t T T = −0.14, while the horizontal hopping strengths between the different bases can be calculated using t AG = (t A + t G )/2. The vertical hopping strength is set at v j = −0.3. In constructing the DNA, we arrange the bases A and G in the upper strand (i.e., channel-I) following a Fibonacci sequence (quasi-periodic one), and thus, the other strand can automatically be designed with the bases T and C (which is also a quasi-periodic sequence) following the Watson-Crick base-pairing rules: G pairs with C, and A pairs with T 33 . To explore the rectification operation we connect the DNA molecule with the two electrodes (see Fig. 19 ), those are parametrized with on-site energy 0 = 0 and NNH integarls t 0 = 5. The molecule-toelectrode coupling is fixed at τ S = τ D = 0.7. The results for this molecular junction, computed at zero temperature and in the absence of e-e interaction, are placed in Fig. 20 . Like AAH ladders, here also we find distinct nature of transmission spectra under two bias polarities ( Fig. 20(a) ). As the spectrum is gapped because of the quasi-periodic sequence of site energies, one can definitely find a suitable E F about which transmission is finite over a small energy window for one bias polarity, while it be-comes vanishingly small or even zero for the other biased condition. This leads to a high degree of current rectification which is exactly shown in Fig. 20(c) . It clearly establishes that the DNA molecule is a good functional element for rectification action at nano-scale level.
IV. CLOSING REMARKS AND OUTLOOK
To conclude, in the present work, we have addressed the possible routes of engineering the rectifying performance in a two-strand Aubry ladder within a tightbinding framework based on non-equilibrium Green's function formalism. Here we have considered different configurations depending on the site energies and/or inter-and intra-strand hopping integrals. Critically examining all the possible cases we have reached to the conclusion that in almost all the proposed networks cent percent rectification can be achieved for a wide range of bias window, and most importantly, the results are valid for a large range of parameter values which gives us a confidence that the present analysis can be verified experimentally. To make the present communication more compact and realistic we have also investigated the precise roles of electron-electron interaction and temperature. We have found that the high degree of rectification gets reduced with increasing system temperature, though a reasonable rectification performance is still observed even at moderate temperature range. The effect of e-e interaction is rather more complex and we have included this effect at the HF mean-field level. Interestingly, we have observed that the degree of rectification sometimes increases with the repulsive correlation. As working with an interacting quantum system is always a complecated task, further probing is definitely required to have more ideas. From the results presented here, we can clearly emphasize that both for the interacting and non-interacting AAH ladders, a high degree of rectification can be obtained.
Along with this, we have also put forward strong emphasis on the possible tuning of RR externally. Through our detailed description it has been established that the RR can be controlled selectively by regulating the AAH phase(s), and this kind of engineering mechanism has not been addressed so far in literature, to the best of our knowledge.
Finally, we have considered the actual DNA model with four bases (A,T G and C) and substantiated that the DNA molecule is a good functional element for rectification operation at nano-scale level. We finish our discussion by stating that the present analysis may provide a boost in developing nano-scale rectifiers using different bio-molecular systems including DNA molecules.
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